A comparison is made between the modeled and experimentally determined microscopic images of a type I Bragg grating produced in the core of an optical fiber using the ultraviolet irradiation of a phase mask. The simulated image of the refractive-index distribution, which assumes a linear relationship between the irradiation intensity and the refractive-index change, is in good agreement with the measured image.
Introduction
Fiber Bragg gratings (FBGs) have become one of the most widely used components in the fields of optical sensing and telecommunications [1, 2] . Standard FBGs are commonly inscribed by exposing a segment of a single mode photosensitive optical fiber to an ultraviolet (UV) interference pattern created by a phase mask. This exposure induces a periodic refractive-index (RI) modulation in the fiber by modifying the structure of the core material [1, 2] .
Much effort has been directed toward analyzing the interference patterns associated with the grating formation [2] [3] [4] [5] [6] . Studies of excimer laser irradiated phase masks revealed that the complexity of the intensity distribution varies with the properties of the phase mask [3] . In addition, the Fresnel-Kirchhoff diffraction pattern produced by a phase mask, measured and modeled in free space [4] , demonstrated that a Talbot-like diffraction pattern extends out to fill the region of the fiber core during the grating fabrication process. Furthermore, a multiple beam interference model extended to incorporate a time-dependent term, has been demonstrated to adequately describe the cladding patterns for FBG fabrication using picosecond IR pulses together with a phase mask [5] .
Differential Interference Contrast (DIC) imaging of a type I FBG fabricated using the phase mask technique verified the existence of a complex structure created in the core of a single mode optical fiber [6] . This detailed structure was consistent with the formation of a three-dimensionally periodic Talbot diffraction pattern [4] . This paper extends the work presented in Ref.
[6] to provide a comparison of the structure observed in a DIC image of the Bragg grating with a simulated DIC image predicted by an interference model. The numerical simulation takes into account the properties of the phase mask including writing conditions, the optical properties of the fiber used to fabricate the FBG and the optical properties of the DIC microscope used to image the FBG.
Interference pattern formed by a Phase Mask
UV radiation, normally incident on a phase mask, is diffracted to form a three dimensional interference field behind the grating. Ideally, for FBG fabrication, a phase mask having a period of Λ pm, would have diffracted light contained only in the ± 1 diffracted orders forming a set of fringes of period Λ pm /2 [2]. Consequently, for light travelling through the fiber containing the resulting grating, the resonant Bragg reflection of the incident mode occurs at the wavelength
, where n eff is the effective refractive-index of the core.
The diffracted light patterns from standard phase masks however contain contributions from higher diffracted orders; so that the interference pattern formed should be evaluated using Fresnel-Kirchhoff diffraction theory [7] . The contributions from each diffracted component, ignoring vector effects, can be superposed to generate the field, E(x,y) produced by the interference of diffracted beams [8] :
, G=2π/Λ pm , k=2π/λ UV , m is an integer, λ UV is the wavelength of the incident light, and C m is the amplitude of the electric field of the m th diffracted order. For this investigation the x-direction denotes the direction of the incident UV beam (i.e. light propagating transversely to the fiber), with the y-axis denoting the grating array direction, (i.e. along the axis of the fiber.
For the purposes of this work, it is assumed that there is a linear relationship between the RI change induced in the glass and the modeled diffracted intensity distribution. The refractive index in the medium behind the grating was taken to be n = 1.469.
Intensity distribution for a measured differential interference contrast image
The Nomarski DIC imaging system is an interferometric microscope and its principal advantage is that it generates high spatial resolution contrast of a thin optical section of a transparent specimen by exploiting optical path differences within the specimen. This imaging system has been described in detail elsewhere [9, 10, and 11] so only a brief overview is presented here. The image formation in a Nomarski DIC microscope is based on the interference of two light beams. An incoming plane linearly polarized beam is split into two orthogonal components using a Nomarski-modified Wollaston prism. As these beams leave the prism, they are in phase but are spatially separated over a very small distance, commonly referred to as the lateral shear. After passing through the objective lens and the object, each beam is either phase advanced or retarded depending on the object refractive-index and its thickness. The two beams are then recombined by a second Wollaston prism and brought into the same vibrational plane by an analyzer. This way refractive-index changes encountered by either beam will result in different optical paths between them.
Under coherent illumination, the intensity distribution measured in a DIC image is governed by the magnitude of the convolution of the point spread function (PSF), h(x, y), of the optical system and the complex object transmission function, ) , (
where a is the intensity of the light at points inside the condenser aperture lens, (x 0 , y 0 ) and (x, y) are points in the object and image plane respectively, f con is the focal length of the condenser lens and λ is the wavelength of the source
Optical fiber parameters
The FBG was fabricated in standard telecommunications fiber with a full-width halfmaximum (FWHM) core diameter of approximately 8 μm; details of the transmission characteristics of the FBG can be found in Ref. [6] . The amplitude of the RI profile of the fiber used was measured using a York S14 fiber RI profiler at Laboratoire de Physique de la Matière Condensèe, (LPMC) Nice, France and is shown in Fig. 1 . It can be seen in Fig. 1 . that there is a refractive index mismatch between the fiber cladding (± 60 μm) and the index matching fluid used in the measured refractive index profile, (dotted line).
A super-Gaussian function (also referred to as a top-hat function), characterized by a flat distribution and steep edges was generated using the measured RI amplitude to best fit the edges of the fiber in the measured DIC image [6] , shown in Fig. 1 ., (solid line) The superGaussian function is given by 
where I 0 is the peak amplitude, w is the radius of the mode, and n is the super-Gaussian order. For this investigation, a super-Gaussian (order 6) was used to best fit the edges of the fiber with a mode diameter, 2w, of 9 μm. The refractive-index of the core and cladding of the optical fiber were taken as 1.469 and 1.464 respectively. Refractive-index profile of a single mode optical fiber. The measured data (dotted line) is fitted with a top hat profile (solid line) generated from the measured RI for the purpose of this work.
Analysis of the diffracted distribution intensity
The FBG imaged in Ref.
[6] was fabricated using an UV continuous wave frequency-doubled Argon ion laser operating at an output power of 106 mW, a wavelength of 244 nm and a beam divergence of 1 mrad. The phase mask, (Lasiris TM ) having a period of 1.059 μ m, was designed to suppress the zeroth diffracted order, with a nominal contribution of less than 3% in the zeroth and approximately 38% in the ± 1 diffracted orders.
In the absence of a fiber, the diffraction efficiencies were measured in the far field under 244 nm illumination at normal incidence and are shown in table 1. It was assumed that 0.1% of the incident power was lost due to scattering. Table 2 . Calculated range across grating in which diffracted orders overlap coherently Table 2 shows the propagating angles for the measured diffracted orders produced by the phase mask in a medium of refractive-index 1.469. In addition, it provides the distance over which the diffracted orders overlap coherently, z, In this analysis, it was assumed that the fiber core was placed approximately 100 μm away from the phase mask. Under such conditions and using table 2, the diffracted orders considered in this investigation includes those up to ± 2 since the contributions from other orders would be incoherent within the fiber core. 
Imaging System Parameters
The DIC image of the FBG in Ref [6] , was obtained using an inverted Olympus IX FL infinity-corrected optical system, in conjunction with an Argon-ion laser operating on a single line at 488 nm, where the laser beam was raster scanned by galvo mirrors over an area of the specimen. The PSF of the system was measured experimentally using a near-field optical point light source [12] . In addition, the lateral shear was measured confirming a value of (0.58±0.01) μm. For the purpose of this work, in order to take into account the finite spatial resolution of the system, the PSF was modeled as a linear superposition of two laterally offset Gaussian beams incorporating other lens imperfections. This approach is consistent with early experimental measurements of the PSF of the imaging properties of our system [12] .
Results
Applying the measured relative diffraction efficiencies to Eq. (1), the intensity distribution produced in the region that occupies the fiber core was simulated to replicate the intensity distribution produced in the optical fiber core. Using coupled-mode theory, the estimated value of the effective refractive-index change was 1.7 × 10 -4 [6] . However, in the work presented here a peak amplitude RI modulation of 6 × 10 -4 was applied to the intensity distribution; chosen to match the measured DIC image. The discrepancy in these two values arises from the fact that coupled-mode theory assumes uniform sinusoidal variation along the axis of the fiber. It is evident from the measured DIC image shown in Fig. 2 that the variation along the axis of the fiber is not uniformly sinusoidal.
Defining a region that covered a section of the fiber core and the cladding, the scaled intensity distribution was combined with the generated top hat profile. The phase gradient was determined and convolved with the calculated PSF and applied to Eq. (2) to model the intensity distribution produced at the image plane in a DIC microscope. The measured and simulated DIC images of a type I FBG are shown in Fig. 2 . The two images appear to be similar and show a distance of approximately 8 μm between the fiber edges, [Fig. 2 (c) ]. The observed discrepancy between the measured and simulated data may be attributed to several differences between the actual imaging conditions and the ones assumed in the generation of the simulated data. Additionally there may be small errors in the bias and shear value and direction, causing errors in the computation of the system's PSF.
The periodicity in the simulated DIC image was evaluated across and along the fiber core for various positions and was found to be 4.5 ± 0.1 μm across the fiber core. This value is in agreement with the value in the measured image of 4.8 ± 0.2 μm. Along the fiber core, a dual periodicity of 1.058 ± 0.02 μm and 0.506 ± 0.02 μm was found, [Fig. 2(d) ] which agrees well with the results reported in Ref. [6] .
Conclusion
A direct relationship between the effects of higher orders produced by a phase mask and the non-circularly symmetric refractive-index features within a FBG, measured using the DIC microscopy technique have been established by this work. The strongest characteristics of the image have been shown to result from the beating between the 1 st and 2 nd diffraction orders of the phase mask. Further work, studying the structure of type II and type IIA gratings together with modeling of the reflection and transmission spectra arising from these complex structures is continuing.
